Evolutionary biologists have long sought to understand the ecological processes that generate 20 plant reproductive diversity. Recent evidence indicates that constitutive antiherbivore defenses 21 can alter natural selection on reproductive traits, but it is unclear whether induced defenses will 22 have the same effect and whether reduced foliar damage in defended plants is the cause of this 23 pattern. In a factorial field experiment using common milkweed, Asclepias syriaca, we induced 24 plant defenses using jasmonic acid (JA) and imposed foliar damage using scissors. We found 25 that JA-induced plants experienced selection for more inflorescences that were smaller in size 26 (fewer flowers), while control plants only experienced a trend toward selection for larger 27 inflorescences (more flowers); all effects were independent of foliar damage. Our results 28 demonstrate that induced defenses can alter both the strength and direction of selection on 29 reproductive traits, and suggest that antiherbivore defenses may promote the evolution of plant 30 reproductive diversity. 31 32 33
that attract parasitoids of herbivores (Schuman et al., 2012; Gols et al., 2015) , and have unique 82 effects on herbivore population dynamics and distributions (Underwood & Rausher, 2002 ; 83 Underwood et al., 2005; Rubin et al., 2015) . Because induced and constitutive defenses may 84 differ in their associated costs, and their effects on pollination and herbivory, they may differ in 85 how they influence selection on reproductive traits. Given these differences, experiments that 86 manipulate induced defense are needed to advance our general understanding of how defenses 87 alter natural selection on plant reproductive traits. 88
When investigating the phenotypic consequences of induced defenses, it is essential to 89 decouple the effects of tissue damage caused by herbivores from the effects of a change in 90 defensive phenotype. This is because herbivory has two main effects on plants: first, it removes 91 tissue that could otherwise be used in photosynthesis; second, it frequently induces chemical and 92 physical defenses. Thus, in natural systems where foliar damage induces defenses it can be 93 difficult to attribute effects to one or the other. With respect to defense-mediated changes in 94 selection, it is especially important to control for foliar damage, because as with defense, foliar 95 damage can affect allocation to reproduction and attractiveness to pollinators (Strauss et al., 96 7 (Dussourd & Eisner, 1987; Agrawal & Konno, 2009 ). Milkweeds also contain cardenolides, 128 which disrupt sodium-potassium regulation in cells and are toxic to most animals (Malcolm, 129 1991; Dobler et al., 2012; Zhen et al., 2012) . Production of these defenses is upregulated 130 following attack by herbivores, which subsequently reduces herbivory (Van Zandt & Agrawal, 131 2004 ). Induction of cardenolides and latex in milkweeds is regulated by the steroid hormone, 132 jasmonic acid (hereafter 'JA') (Agrawal et al., 2012) , and exogenous JA application upregulates 133 latex and cardenolide production (Rasmann et al., 2009; Agrawal et al., 2012) . Milkweed 134 defense traits exhibit heritable variation within populations (Agrawal, 2004) , are subject to 135 selection by specialist herbivores (Agrawal, 2005b) , and have diverged among species in the 136 genus (Agrawal & Fishbein, 2008; Agrawal et al., 2009) . We refer to induction of cardenolides 137 and latex following herbivory or JA application as an induced 'defense' because of the 138 substantial evidence that these traits are involved in defense against herbivores. 139
Experimental design-To determine whether induced defenses alter selection on plant 140 reproductive traits independently of foliar damage, we manipulated both induced defenses and 141 foliar damage in a 2 × 6 fully factorial field experiment (i.e., 12 treatment combinations) using 142 156 naturally-occurring milkweed plants on and around (study location hidden during blind 143 review) (approx. 1.25 km 2 ; [-] N, [-] W; [-] m a.s.l.). We only included plants with no herbivore 144 damage, and neighbouring plants were separated by at least 1.5 m to reduce the likelihood of 145 sampling the same genet twice (La Rosa, 2015). We covered all plants during the second week of We experimentally manipulated induced plant defenses using a treatment with two levels 151 (the 'induction' treatment). Plants were either assigned to a control group with no induction 152 ('control' plants), or to a treatment group where we used the exogenous application of JA to 153 induce defenses ('JA-induced' plants). We prepared a 0.5 mM JA solution by dissolving 100 mg 154 JA (Sigma-Aldrich #77026-92-7) in 2mL of 99.5% acetone and diluting with 950 mL of distilled 155 water; we also prepared a control solution that lacked dissolved JA but was otherwise identical to 156 the treatment solution (Thaler et al., 1996) . This method has been used previously to induce 157 defenses in A. syriaca (e.g., Mooney et al., 2008) . We applied either the JA or control solution to 158 each plant by spraying every fully expanded leaf once (ca. 1 mL leaf -1 ) during each of three 159 applications spaced at two week intervals (13 & 27 June, 11 July); the first application occurred 160 while plants were still undergoing vegetative growth and before any plants had flowered. At the 161 time of initial treatment application, mean plant height was 65.4 ± 14.4 [SD] cm and mean leaf 162 number was 11.49 ± 2.43. We used intervals of two weeks to apply treatments because JA-163 induced chemical changes are maintained in other systems for at least 14 days (Thaler, 1999) . 164
To decouple the effects of chemically induced defenses and foliar damage, we imposed a 165 leaf-tissue removal treatment (hereafter the 'damage' treatment) that had six levels. We imposed 166 our treatment by cutting each leaf on a plant with scissors to remove 0, 10, 20, 30, 40, or 50% of 167 leaf tissue, which encompasses the natural range of damage that A. syriaca plants typically 168 experience (Turcotte et al., 2014) . We imposed the damage treatment with multiple levels so we 169 could detect any linear or non-linear effects of leaf removal on selection. Leaves were cut once at 170 the start of the experiment, concurrently with the initial application of the induction treatment. 9 induced response because of an absence of herbivore saliva, which frequently elicits JA 174 (Agrawal et al., 1999; Musser et al., 2002; Rodriguez-Saona et al., 2002) . This rationale is 175 supported by data from Mooney et al. (2008) , who found that exogenous JA-application-but 176 not mechanical foliar damage-up-regulated the production of induced defenses in A. syriaca in 177 ways that were similar to the effects of monarch (Danaus plexippus) caterpillar herbivory. 178
We measured several traits during our experiment. During initial treatment application, 179
we measured plant height, and counted leaves and inflorescence buds. We recorded the first date 180 of flowering for each plant, and measured several aspects of flower size: hood length & width, 181 petal length & width, and the length and width of entire flowers (see Fig. S1 ). We measured 182 these traits to the nearest 0.5 mm on up to five flowers from the lowest three inflorescences, or 183 all inflorescences for plants with ≤ 3 inflorescences. To obtain mean values of these 184 measurements for individual plants, we averaged all flower size measurements within 185 inflorescences, and then across inflorescences. We counted the number of flowers within the 186 inflorescences used for floral measurements, and refer to the mean number of flowers within 187 inflorescences hereafter as 'inflorescence size'. In addition, we recorded the total number of 188 inflorescences that each plant initiated, hereafter referred to as 'inflorescence number'. We 189 harvested the aboveground vegetative biomass of each plant into paper bags at the end of the 190 experiment. After drying plants for 72 h at 50 °C, we removed leaves and weighed the stem 191 tissue as a measure of aboveground biomass. Leaves were removed to avoid including direct 192 treatment effects (mass lost due to leaf tissue removal), or confounded variation in leaf 193 abscission between treatments. 194
We recorded estimates of both male and female fitness. For male fitness, we counted the 195 number of pollinia removed from five flowers from the lowest three inflorescences, or all 196 inflorescences for plants with ≤ 3 inflorescences. Pollinia removal can be accurately determined 197 on flowers over their entire lifetime, including on senescing flowers. We took the mean number 198 of pollinia removed from each inflorescence, and averaged that among inflorescences to estimate 199 male fitness. Two studies have quantified the relationship between pollinia removal and seeds 200 sired in milkweeds using genetic markers, and found them to be significantly correlated (r Pearson 201 range: 0.44-0.47) (Broyles & Wyatt, 1990; La Rosa, 2015) . These studies indicate that a large 202 fraction of pollinia removed by pollinators do not sire seeds. Thus, our measure of male fitness 203 represents the upper limit of an individual's siring success; we acknowledge that this metric is an 204 imperfect estimate of true male fitness, and a more accurate estimate would require molecular 205 markers and exhaustive sampling of the population. As an estimate of female fitness, we 206 harvested ripe fruits and counted the number of viable seeds. We did not include measures of 207 fitness related to vegetative reproduction because A. syriaca is a long-lived plant, and it is 208 difficult to determine the belowground rhizome connections between ramets. Nevertheless, this 209 did not affect our ability to effectively address our research questions about whether induced 210 defenses and herbivory alter selection on reproductive traits. 211
212
Statistical analysis-Before analysis, we assessed whether our data met assumptions of 213 normality and homogeneity of variance. We transformed some traits to meet the assumptions of 214 our analyses (Table S1 ). We calculated pairwise correlations between all measured traits to test 215 for multicollinearity. The six flower size traits were positively correlated (mean r Pearson = 0.62), 216 so we collapsed them into two principal components subject to "varimax" rotation using the R 217 package 'psych' (Revelle, 2015) . The first principal component (PC1) was highly positively 218 correlated with the three flower width measurements (hereafter floral width PC), and the other principal component (PC2) was positively correlated with the three flower length measurements 220 (hereafter floral length PC); PC1 and PC2 explained 68% and 14% of variation in the data, 221 respectively (Table S2 ). All pairwise correlations between remaining traits were < 0.7 after 222 collapsing floral measurements except between inflorescence number and biomass (r Pearson = 223 0.78); we retained both variables in spite of this correlation because of an a priori interest in 224 analysing differences in defense-mediated changes in selection on both of these traits (Table S3 , 225 S4). We also calculated coefficients of phenotypic variation as CV p = 100(V p 0.5 / µ i ), where µ i is 226 the untransformed mean of trait i (Houle, 1992). For all subsequent analyses we standardized 227 traits to a mean of 0 and a standard deviation of 1. 228
We also used univariate ANOVA to test whether the induction and damage treatments 229 affected the expression of phenotypic traits and fitness components. This allowed us to determine 230 whether there were any allocation costs associated with defense, and to evaluate the phenotypic 231 Three-way trait × induction treatment × damage treatment terms and non-linear selection 244 coefficients were included in preliminary models, but all were nonsignificant (P > 0.5) and are 245 not reported. Significant main effects for treatments indicate that the treatment influenced fitness, 246 and significant main effects for traits indicate that the trait was under directional selection. A 247 significant trait × treatment interaction indicates that the treatment altered directional selection 248 on the trait (i.e., the confidence intervals on selection gradients for different treatment levels are 249 non-overlapping). 250
We analyzed multivariate selection models using a multi-model selection procedure 251 implemented using the dredge function in the R package 'MuMIn' (Barton, 2015) . This 252 procedure tests models that span all possible combinations of variables (except for models 253 containing interactions without the corresponding main effects). We took weighted-averages 254 from all models within 2 ΔAIC of the best model-where better fitting models are weighted 255 more heavily-to determine final model-averaged parameters. The best model had 12 variables, 256 and statistically equivalent models (within 2 ΔAIC) had between 7 and 14 variables. We 257 interpreted the 'full' model output from the analysis because parameter estimates in the 258 'conditional' output are biased away from zero; thus, the 'full' model estimates are more 259 conservative (Barton, 2015) . We note that the general conclusions of the present study do not 260 change when the multivariate selection model is analyzed using standard multiple regression (see 261
R script). 262
Because induced defenses altered selection on traits (see Results), we quantified patterns 263 of selection on JA-induced and control plants separately. We restrict these analyses to traits 264 where we detected significant trait × induction treatment interactions. To accomplish this, we 265 analyzed linear models that included all terms from the dredge model with the lowest AIC (i.e., 266 the best fitting individual model; see Table 1 ) and extracted residuals for fitness and trait values 267 using the approach for partial variance in multiple regression analyses as explained by SAS (SAS 268 Institute Inc, 2009). Specifically, we extracted fitness residuals from the model after removing 269 both the focal trait and the focal trait × induction treatment interaction term. We then extracted 
Treatment effects on traits and fitness 280
We did not detect direct effects of the induction treatment or the damage treatment on trait values 281 or fitness in our univariate analyses (Table S5 ). There were nearly significant effects of the 282 induction treatment on inflorescence size (19% larger in JA-induced plants; P = 0.07) and 283 biomass (10% smaller in JA-induced plants; P = 0.10). In our multivariate selection model, 284
which accounted for covariance among traits, we detected a significant effect of JA-induction on 285 fitness, where JA-induced plants produced 20% fewer seeds than control plants (β = -0.51 ± 0.20 286
[SEM], P = 0.012) (Table 1) . We did not detect an effect of damage on fitness in our multivariate 287
analysis. 288 289
Population-wide patterns of natural selection 290
We observed natural selection through female fitness, but not male fitness, in our multivariate 291 selection analyses (Table 1) . At the population level, there was significant directional selection 292 for greater inflorescence size (β = 0.32 ± 0.16, P = 0.047) and biomass (β = 0.57 ± 0.16, P < 293 0.001) via female fitness. We found no evidence that selection was operating via male fitness on 294 any trait main effect or trait × treatment interaction (Table 1) , despite large variation in pollinia 295 removal (CV p = 98.8; Table S1 ). 296 297
Defense-mediated changes in natural selection 298
Phenotypic selection analyses revealed that the induction treatment altered the strength and 299 direction of natural selection on plant reproductive traits via female fitness (Table 1; Fig. 1 ). 300
Specifically, JA-induced plants experienced selection for more inflorescences (β JA-induced-301 inflorescence number = 2.81 ± 0.98, P = 0.003), whereas selection in control plants was non-significant 302 (β control-inflorescence number = -0.60 ± 0.58, P = 0.312); the slopes were significantly different 303 between the two treatments (inflorescence number × induction: P = 0.001). JA-induced plants 304 also experienced selection for smaller inflorescences (β JA-induced-inflorescence size = -1.19 ± 0.48, P = 305 0.017), while control plants experienced a trend toward opposing selection for larger 306 inflorescences (β control-inflorescence size = 0.74 ± 0.38, P = 0.056); these slopes also significantly 307 differed between treatments (inflorescence size × induction: P = 0.004). Finally, we observed significant positive selection on biomass in control plants (β control-biomass = 1.47 ± 0.42, P < 309 0.001), but found no evidence for selection on biomass in JA-induced plants (β JA-induced-biomass = 310 0.17 ± 0.37, P = 0.645); as above, these slopes were significantly different between treatments 311 (biomass × induction: P = 0.033) (Fig. S1) & Westoby, 1988), and resource limitation is thought to be the most important determinant of 333 seed production in milkweeds (Wyatt & Broyles, 1994) . We found that JA-induced plants 334 experienced selection for more inflorescences, but we did not detect selection on inflorescence 335 
Novel contributions of this study 355
Our study is the second to demonstrate that antiherbivore defenses can alter natural selection on 356 plant reproductive traits. Thompson and Johnson (2016) showed that the cyanogenesis 357 polymorphism of Trifolium repens alters natural selection on petal and inflorescence size. The 358 present study builds on this result in two key ways. First, while the previous study manipulated 359 genetic variation for a constitutive defense, we manipulated induced defenses. That our results 360 are qualitatively similar indicates that both constitutive and induced defense, and both genetic 361 and plastic variation for defense, can alter natural selection on reproductive traits. Second, we 362 experimentally manipulated foliar damage, while Thompson and Johnson (2016) measured 363 natural herbivore damage and included it as a covariate. Defense and herbivory were 364 significantly correlated in their study, and thus our study provides a stronger test of the 365 hypothesis that defense-mediated changes in selection on reproductive traits are independent of 366 foliar damage. Thus, our study builds on that of Thompson and Johnson (2016) We acknowledge several limitations of our experiment and analyses. First, the most accurate 381 estimates of selection utilize breeding values, rather than phenotypic variation among 382 individuals, because environmental covariance between traits and fitness can bias estimates of 383 selection in the field (Rausher, 1992; Stinchcombe et al., 2002) . While our use of phenotypic 384 data could bias overall estimates of selection, we applied our treatments randomly and it is 385 unlikely that environmental effects would influence our conclusion that induced defenses alter 386 selection. Second, A. syriaca is a highly clonal perennial, and our estimates of fitness likely 387 capture a small portion of lifetime fitness. However, our methods still allow us to accurately 388 quantify defense-mediated changes in selection within a generation. Third, although we found no 389 evidence that natural selection was operating through male fitness, our male fitness metric may 390 be too coarse to detect more subtle patterns. Fourth, we did not verify differences in defensive 391
properties across JA-induced and control plants; other studies have confirmed the efficacy of 392 identical treatments in A. syriaca (e.g., Mooney et al., 2008) , and the strong effects of induction 393 treatment on fitness and selection further indicate that our treatments altered plant physiology. 394
Last, manual defoliation did not affect traits or fitness, which suggests that our damage treatment 395 was not severe enough to impose fitness costs on A. syriaca. We note that our result is consistent 396 with other studies demonstrating low fitness consequences of defoliation in A. syriaca (e.g., 
